ABSTRACT The objective of this study was to determine the effects of shackling and wing flapping on stress, postmortem metabolism, AMP-activated protein kinase (AMPK), and quality of broiler pectoralis major. Before slaughter, a total of 80 Arbor Acres broilers was randomly categorized into 2 replicate pens (40 broilers per pen) and each pen randomly divided into 2 groups (shackling, T; control, C). Corticosterone, creatine kinase, and lactate dehydrogenase were determined on blood plasma parameters. Pectoralis major were removed after evisceration and used for determination of energy metabolism, meat quality, and AMPK phosphorylation. In this study, shackling and wing flapping increased (P < 0.05) plasma corticosterone level, creatine kinase activity, and lactate dehydrogenase activity. Shackling and wing flapping increased (P < 0.05) AMPKα(Thr172) and acetyl-CoA carboxylase (ACC) phosphorylation, followed by rapid glycolysis and accumulation of lactic acid, and leading to a fast pH decline in the initial postmortem meat. Shackling and wing flapping have an adverse effect on final meat quality, which increased (P < 0.05) muscle lightness, drip loss, and cooking loss. The results indicate that antemortem shackling and wing flapping increased stress and AMPKα(Thr172) phosphorylation, which may accelerate glycolysis and lead to a low water-holding capacity of broiler meat.
INTRODUCTION
Water-holding capacity is an important quality of poultry meat. Low water-holding capacity meat will cause huge losses to commercial production, because of pale, soft, exudative (PSE)-like meat. Pre-slaughter stress can increase incidences of PSE-like conditions in poultry species (Owens and Sams, 2000) . Antemortem shackling, hung upside down by attaching the feet to the metal shackles, is widely used in poultry commercial slaughter plants (Xu et al., 2011; Joseph et al., 2013) . Previous studies have indicated that antemortem shackling increased stress to broilers (Kannan et al., 1997; Bedanova et al., 2007a; Bedanova et al., 2007b) . This stress may be induced by the body hung upside down and wing flapping of broilers (Huang et al., 2014) . Shackling just prior to and during bleeding has been C 2018 Poultry Science Association Inc. Received October 10, 2017. Accepted January 8, 2018. 1 Corresponding author: 504257093@qq.com; baocaixu@163.com shown to affect glycolysis and ultimate meat quality of turkey breast muscle (Ma and Addis., 1973; Ngoka et al., 1982) . The previous studies found that the action of birds struggling during shackling accelerated the initial pH decline rates (Debut et al., 2003; Dereli Fidan et al., 2015) . Reducing struggle during shackling by physical restraint will reduce the initial pH decline rates of broiler breast meat (Papinaho et al., 1995) .
The initial postmortem pH decline rate plays a crucial role in conversion of muscle to meat, and it is important for ultimate meat water-holding capacity (Zhu et al., 2012) . AMP-activated protein kinase (AMPK) has been extensively demonstrated as a fundamental role in the cellular and organismal energy metabolism, in which AMPK simultaneously activates the catabolic pathway and inhibits the anabolic pathway for energy homeostasis (Ha et al., 2015; Salminen et al., 2016) . The phosphorylation state of AMPK α-subunit at Thr172 by upstream kinases is required for AMPK activation (Rider 2016) . AMPK activity can lead to an increase in downstream acetyl-CoA carboxylase (ACC) phosphorylation, which is an indicator of AMPK activity (Hardie et al., 2016) . Many studies have found that physical exercise and stress can activate AMPK (Friedrichsen et al., 2013; Weikel et al., 2016) .
Therefore, we hypothesized that activation of AMPK by shackling stress plays a key role in the initial pH decline of poultry meat. Thus, the present study was designed to investigate the effect of shackling and wing flapping on plasma corticosterone, AMPK, postmortem metabolism, and quality of broiler pectoralis major muscle.
MATERIALS AND METHODS

Sampling
All procedures were approved by the Animal Care and Use Committee of the College of Food Science and Technology of Nanjing Agricultural University. A total of 80 live, mixed-sex, 42-day-old Arbor Acres broilers was obtained from the holding area of a commercial plant in summer. The average weights were between 2.0 to 2.5 kg, and then they were randomly categorized into 2 replicate pens (20 broilers per pen), and each pen was randomly divided into shackling (T) and control (C) groups. Feed was withdrawn at about 12 h prior to slaughter. The broilers were transported for about 30 min from the holding area to the slaughter house. Then, after resting for an h, the broilers were slaughtered following commercial practice. The broilers of T group were hung upside down for 3 min by attaching the feet to metal shackles, and the C group was slaughtered directly. All the broilers were bled by severing the jugular vein and carotid artery using a hand-held knife on one side of the neck to allow bleeding for 150 seconds. Birds of the C group were held by hand to eliminate wing flapping during slaughter.
Blood samples (5 mL) were collected in heparinized anticoagulant tubes (Nanjing Dingguo Bioengineering Institute, Nanjing, China) from 10 broilers in each treatment group during bleeding. The blood samples were immediately cooled in ice, and the tubes were centrifuged for 10 min (1,800 × g) at 4
• C. Then the plasma was removed and stored at −80
• C until required for analysis of plasma corticosterone, creatine kinase, and lactate dehydrogenase. The broilers were scalded at 54
• C for 120 s and plucked for 30 seconds. After evisceration, both pectoralis major muscles were immediately removed and placed in ice for 10 minutes. The left pectoralis major from each of the 20 broilers whose blood had been collected was stored at 0
• C. The pH was measured and muscle pieces were taken at 0.2 h, 1.5 h, 4 h, and 24 h postmortem, respectively. Muscle pieces were subdivided for the determination of lactate, glycogen, ATP, ADP, AMP, pAMPK, and pACC before freezing and then were frozen in liquid nitrogen. All the samples were stored at −80
• C until required for analysis. The right pectoralis major muscles from 40 broilers in each treatment were placed at 0
• C until 24 h postmortem for meat color, drip loss, and cooking loss measurements.
Plasma Parameters
Plasma corticosterone, creatine kinase, and lactate dehydrogenase were measured using a chicken corticosterone ELISA kit (R&D Systems, Minneapolis, Minnesota), creatine kinase kit (A032, Nanjing Jiancheng Bioengineering Institute, Nanjing, China), and lactate dehydrogenase kit (M002, Nanjing Jiancheng Bioengineering Institute, Nanjing, China), respectively. Samples were measured in triplicate according to the manufacturers' instructions.
Meat Color Measurement
Meat color was measured on the bone side (medial surface) in triplicate using a Minolta Chroma Meter CR-400 (Minolta Co., Ltd., Osaka, Japan). The CIE Lab system values of lightness (L * ), redness (a * ), and yellowness (b * ) were recorded at 24 h postmortem.
Drip Loss
Two strips of 1 × 1 cm (about 10 g) were removed from the center of each right-side pectoralis major muscle at 24 h postmortem. Each strip was weighed and then individually attached with a clip to the inside of an air-inflated plastic bag that was left to hang at 4
• C for 24 hours. The strips were positioned so that no contact was made with the inside of the bags. Each strip was weighed after removal from the bag and drip loss was expressed as the percentage of initial weight.
Cooking Loss
Cooking loss was tested according to the methods of Huang et al. (2014) . Samples were taken from the thickest place in the right pectoralis major in each broiler at 24 h postmortem and then cut into cuboid pieces. Each sample (30 ± 1.5 g) was weighed (W 1 ) and individually placed into polyethylene bags, then cooked in a water bath at 85
• C until the center temperature had reached 70
• C. The center temperature was tracked with a portable needle-tipped thermometer during cooking. The cooked samples were cooled in running water to ambient temperature and then stored at 4
• C for 24 hours. The samples were removed from the bags and dried using filter paper and then reweighed (W 2 ). Cooking loss was calculated as 100% × (W 1 − W 2 )/W 1 .
Muscle pH Measurement
The pH of postmortem muscle at 0.2 h, 1.5 h, 4 h, and 24 h was determined using a calibrated pH meter (FE-20, Mettler-Toledo Instruments Co., Ltd., Zurich, Switzerland). Each muscle sample was measured in triplicate with a spear-type electrode at the bone side of the cranial end.
Glycogen and Lactate
Muscle lactate and glycogen were measured on homogenized frozen samples using a lactic acid kit (A019-2, Nanjing Jiancheng Bioengineering Institute, China) and glycogen kit (A043, Nanjing Jiancheng Bioengineering Institute, China). Each muscle sample was measured in triplicate according to the manufacturers' instructions.
ATP/ADP/AMP Determinations
The concentrations of ATP, ADP, and AMP were determined in triplicate by high-performance liquid chromatography (HPLC) according to Wang et al. (2012) with some modifications. A frozen sample of 0.5 g was homogenized (13,500 rpm, 30 s) in 3 mL of 7% ice cold perchloric acid. Then the homogenate was centrifuged (15,000 × g) at 4
• C for 10 min (Avanti J-E, BACKMAN, Brea, CA). The supernatant was neutralized with 0.85 M KOH and centrifuged (4
• C, 15,000 × g, 10 min) to remove KClO 4 . The neutralized supernatant was filtered through a 0.22 μm filter prior to being injected into an HPLC system (Agilent 100, Agilent Technologies, Santa Clara, CA). Ten microliters of filtered supernatant were injected into the chromatograph column (Zorbax SB-C18, Particle Size: 5 μm, 0.3 × 150 mm, Agilent). The mobile phase flow rate was 1.0 mL/min and consisted of an aqueous (A: 0.06 M dipotassium hydrogen orthophosphate, 0.04 M potassium dihydrogen orthophosphate, and 2.5 mM tetra-butylammonium hydrogen sulfate, pH 7.0) and an organic phase (B: methanol). Proportions of mobile phases A and B were 86.5 and 13.5%, respectively. Ultra violet detection was carried out at 254 nm. Peaks were identified and quantified by comparison of peak area and retention time with known external standards.
Protein Preparation for Western Blotting
Total protein was extracted according to the method of Guerra et al. (2007) with some modification. A frozen sample of 0.5 g was homogenized using a polytron homogenizer in 5 mL cooling buffer: 20 mM Tris-HCl (pH 7.4), 2% SDS, 5 mM EDTA, 5 mM EGTA, 1 mM DTT, 100 mM NaF, 2 mM sodium vanadate, 10 μg/mL leupeptin, and 10 μg/mL pepstatin. The tissue homogenates were then centrifuged at 18,000 × g (4
• C) for 20 minutes. The supernatants were collected, and protein concentration was determined by a Bicinchoninic Acid Protein Assay Kit (Thermo Scientific, Waltham, MA), and diluted to 3.5 μg/μl using treatment buffer (0.001% bromophenol blue, 10% MCE). Samples were mixed and heated at 100
• C for 5 min, then stored at -80
• C for subsequent Western blotting.
Western Blotting
Gels for analysis of pAMPK and pACC were run on AE-6530 Mmini slab electrophoresis units (Bio-Rad Laboratories, Hercules, CA) according to the method of Huang et al. (2016) with slight modification. The separating gels of 10 and 12.5% polyacrylamide were loaded with 35 μg per well of protein for pAMPK detection. The 10% polyacrylamide continuous gel was loaded with 70 μg per well of protein used for determination of pACC. Gels for pAMPK and pACC were immediately transferred to polyvinylidene fluoride (PVDF) membrane (Bio-Rad Laboratories) in transfer buffer (192 mM glycine, 25 mM Tris, and 10% [v/v] methanol) using a Mini-Protean II system (Bio-Rad Laboratories). After transfer, the membrane was blocked using blocking buffer that consisted of 5% bovine serum albumin (BSA) and Tween/Trisbuffered salt solution (TTBS) (137 mM NaCl, 20 mM Tris, 0.05% Tween 20, 5 mM KCl) at room temperature for 1.5 hours. Primary antibodies included anti-Phospho-AMPKα (Thr172; #2531; Cell Signaling; diluted: 1:1000, Denver, Colorado), anti-PhosphoAcetyl CoA Carbosylase (Ser79; #2,189,951; Millipore; diluted: 1:500, America) and anti-GAPDH (MB001; Bioworld; diluted:1:1000, Nanjing, China) were used to incubate the membrane for 12 h at 2
• C. After washing 5 times with TTBS for 6 min each, the membrane was incubated with a secondary antibody for 1.5 h at room temperature. After 5 further washes, the immunoreactive protein bands were detected by enhanced chemiluminescence (Thermo). The density of the bands was quantified by using Imager Quant LAS4000 and Image Quantity One software (GE, Uppsala, Sweden). Band density among different blots was normalized according to the density of the reference band.
Statistical Analyses
The effects of treatments on plasma and meat quality data were analyzed using a one-way analysis of variance (ANOVA). The main and interactive effects of treatments and postmortem time on other variables were evaluated using a mixed-model ANOVA, in which the measured variables were set as dependent variables, time, treatment, and time × treatment as fixed effects, and animal as random effect. The number of replications for meat color, drip loss, cooking loss, is 40, and for others is ten. The pairwise differences between means were evaluated by Bonferroni's method. Effects and differences were considered significant at P < 0.05. ANOVA analyses were conducted using the SAS program (V8, SAS Institute Inc., Cary, NC).
RESULTS AND DISCUSSION
Plasma Parameters
Plasma corticosterone concentration is the most important glucocorticoid released by the avian adrenal gland, and elevated plasma corticosterone is an accepted indicator of stress condition in birds (Girard and Garland, 2002; Bedanova et al., 2007b) . Previous studies also found that changes in plasma activities of creatine kinase and lactate dehydrogenase activities can be used as indicators of pre-slaughter stress (Siqueira et al., 2017; Zhang et al., 2017) . In the present study, the plasma corticosterone concentration, creatine kinase activity, and lactate dehydrogenase activity in the T group were higher (P < 0.05) than in the C group ( Table 1 ), indicating that pre-slaughter shackling and wing flapping led to stress to the broilers. This result is consistent with previous findings that preslaughter shackling increased stress of broilers (Kannan et al., 1997; Bedanova et al., 2007b) . Our previous study also found that pre-slaughter struggle during shackling increased plasma corticosterone concentration (Huang et al., 2014) .
Meat Color, Drip Loss, and Cooking Loss
Meat color, drip loss, and cooking loss were determined on the samples at 24 h postmortem. Objective meat color scores indicated that lightness (L * value) in the T group was higher (P < 0.05) than in other groups, but redness and yellowness (a * and b * values, respectively) were not significantly affected by treatments ( Table 2 ). The study of Zhang et al. (2017) also found that pre-slaughter transport caused stress to broilers and led to higher L * values of breast color. Drip loss and cooking loss were higher (P < 0.05) in the T group compared with the C group. Some other studies also found that struggle during slaughter could decrease water-holding capacity compared with the nostruggle groups (Ngoka et al., 1982; Huang et al., 2014) . This was expected, as the shackling caused stress to the broilers and accelerated the initial pH decrease rate of meat, with a high carcass temperature before chilling.
A combination of low pH and high temperature postmortem will result in protein denaturation, leading to a decrease in water-holding capacity (Joo et al., 1999) .
Muscle pH, Lactate, and Energy Depletion
Postmortem breast muscle pH, lactate, and energy depletion are shown in Table 3 . The pH decreased with postmortem time. The pH in the T group was lower (P < 0.05) than in the C group at 0.2 h and 1.5 h postmortem, respectively. But the T group reached ultimate pH at 1.5 h postmortem and the C group reached ultimate pH at 4 h postmortem. However, the pH was not affected (P > 0.05) by treatment after 4 h postmortem. The present findings are in agreement with previous studies that showed that antemortem shackling and wing flapping could accelerate the initial rate of pH decline (Debut et al., 2005; Huang et al., 2014; Dereli Fidan et al., 2015) . The study of Bond and Warner (2007) also found that the early postmortem pH of lamb meat was lower if they exercise immediately before stunning. The lactate concentration of the C group was lower (P < 0.05) than the T group at 0.2 h and 1.5 h postmortem, respectively. But the lactate concentration was not different (P > 0.05) between T and C groups after 4 h postmortem. Previous studies also showed that pre-slaughter shackling and struggle were strongly positively correlated with postmortem muscle lactate concentration. It is possibly because pre-slaughter shackling and struggle increased the rate of glycolysis (anaerobic), leading to the accumulation of lactate and decreased muscle pH at early postmortem.
The T group maintained low muscle glycogen, ATP, and ADP concentration, but increased AMP concentration compared with the C group during the initial 1.5 h postmortem. But the concentration of AMP in the T group was lower (P < 0.05) than the C group at 4 h postmortem. However, there were no differences (P > 0.05) in ultimate glycogen, ATP, ADP, or AMP concentration between T and C groups. Previous studies found that pre-slaughter shackling and struggle could accelerate depletion of glycogen, ATP, and ADP (Debut et al., 2005) . This is possible because antemortem shackling increased stress in the broilers and wing flapping during shackling, leading to muscular contraction, which accelerated energy metabolites and reduced this energy source. Some researchers have found that the plasma corticosterone concentration and Table 2 . Effects of shackling on meat color and water-holding capacity of broilers (mean ± SD; n = 40 each treatment). Table 3 . Effects of shackling on pH, lactate, glycogen, adenosine triphosphate (ATP), adenosine diphosphate (ADP), and adenosine monophosphate (AMP) of broilers (mean ± SD; n = 10 each treatment). 
Figure 1
Effects of shackling on phosphorylation of adenosine monophosphate activated protein kinase [pAMPKα(Thr172)] of broilers. T: shackling group, C: control group. All measurements are expressed as the mean ± SD (n = 10) with different superscripts differing significantly (P < 0.05). muscular contraction positively correlate with glycolysis (Sante et al., 2000; Schilling et al., 2008; Liste et al., 2009 ).
Phosphorylation of AMPK and ACC
AMPK has been extensively demonstrated as a central regulator of energy homeostasis on various metabolic stresses, in which AMPK inhibits the anabolic pathway and simultaneously activates the catabolic pathway for energy homeostasis (Ha et al., 2015) . Phosphorylation of Thr172 of α-subunit is essential for AMPK activity, and it can lead to an increase in downstream ACC phosphorylation (Zhang et al., 2012; Liang et al., 2013) . The phosphorylation of AMPK was decreased with time ( Figure 1) . At 0.2 h of postmortem, the phosphorylation of AMPK in the T group was higher (P < 0. 05) than in the C group. The phosphorylation of AMPK declined in the C group, which lower (P < 0. 01) than the T group at 1.5 h postmortem. The phosphorylation of ACC in the T group was higher Figure 2 . Effects of shackling on phosphorylation of acetyl-CoA carboxylase (pACC) of broilers. T: shackling group, C: control group. All measurements are expressed as the mean ± SD (n = 10) with different superscripts differing significantly (P < 0.05).
(P < 0. 05) than in the C group at 0.2 h and 1.5 h postmortem (Figure 2) , which is consistent with the phosphorylation of AMPK. This indicates that shackling increased AMPK activity at early postmortem. Previous studies also found that the stress of exercise would increase AMPK activity in skeletal muscle (Friedrichsen et al., 2013; Morales-Alamo and Calbet, 2016) . This was possibly because the stress of shackling and wing flapping accelerates the consumption of ATP and ADP, leading to an increase of AMP content at early postmortem of poultry breast meat (Table 3) . The allosteric binding of AMP to the γ subunit cystathionine beta synthase domains of AMPK induced its structural changes, which reveal the Thr172 residue of the catalytic subunit to allow it easy phosphorylation by upstream kinase (Adams et al., 2004; Hardie and Ashford, 2014) . The study of Gowans et al. (2013) also found that a rise of AMP promoted Thr172 phosphorylation and increased AMPK activity. When AMPK becomes activated, it activates phosphorylase kinase and phosphorylate phosphofructokinase-2, which catalyzes the formation of fructose 2,6-bisphosphate (Marsin et al., 2000; Scheffler and Gerrard, 2007) . This would accelerate glycogen consumption and lactate accumulation, leading to a fast pH decline. Some other studies also found that earlier AMPK activation led to faster pH decline at the initial postmortem stage (Shen et al., 2006; Zhu et al. 2013 )
The present results demonstrate that antemortem shackling caused stress to the broilers, which increased plasma corticosterone level, creatine kinase activity, and lactate dehydrogenase activity. Shackling increased phosphorylation of AMPK and ACC, and accelerated energy depletion, lactate concentration, and pH decline of broiler breast meat at early postmortem. Shackling has an adverse effect on the final meat quality, which decreased water-holding capacity and increased lightness of breast meat.
